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The equation of hydrostatic equilibrium and Clairaut's equation are
integrated numerically to obtain mathematical models for solid bodies of
planetary dimensions. Equations of state at 0° K for the more sbundant
materials within a solar mixture are estimated and mass-radius curves
plotted for model planets composed of these materiais. Sets of self~

+# consistent models for Uranus and Neptune are computed upon the basis of

a stated set of assumptions and the properties of these models ar izz%s%fz;)
calculated and compared with available observational data. (?(l

Introduction

The composition and structure of the outer planets have been the

subjects of numerous investigations since the calculation of a high

pressure eqﬁatioﬁ of state for metallic hydrogen by Kronig, De Boer, and
Korringa [1946]. H};gg [1938] had previously indicated that & metallic
phase of hydrogen should be of major importance regarding the compositidn
of Jupiter and Saturn and that this equation of state presented the
possiﬁility of a qﬁ;ntitatiVe apﬁroach to the problem. Detailed mathe-
-matical models have since been constructed for Jupiter and Saturn by

various authors including DeMarcus [1951], Fesenkov and Masevich [1951],

-and Remsey [1951]. DeMarcus [1958], in an exhaustive treatment of this
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subject, concludes that these two planets are composed primarily of'
hydrogen in the metallic phase. He obtains values of 0.78 and 0.63 for

the minimum weight -fractions of hydrogen present within Jupiter and
Baturn, respectively.
, Teble 1
The higher mean densities of Uranus and Neptune, as shown in
Table 1, imply that they must contain a much smaller proportion of
hydrogen .
Several previous attempts at the construction of models for Uranus
- and Neptune have been made, including the early work of Jeffreys [1923], o
W:let [1947], and Brown [1950]. More recent efforts begin with
Porter [1961] who computed 0° K models, with rotation, based upon the
-assumption of solid ammonium metal as the major constituent. He used

an approximate.equation of state for metallic ammonium due to Bernal

and Massey [1954]. DeMarcus and Reynolds [1962] calculated equations of

state at 0° K for a cosmic mixture of the nonhydrogen-helium elements and
constructed nonrotating models of this material. Remsey [1963] has
obtaiﬁed an equation of state for a cosmic mixture of-CH4, H0, NHs, and
Ne and has cqlculated four models for nonrotating massses composed of

this mixture.

The relatively éood agreement which has been reached within the
literature régarding the composition of Jupiter and Saturn depends
Primarily upon the singular properﬁies of hydrogen and the fact that
hydrogen ;s the chief constituent of these planefs. Quantitative cal-

culations by DeMarcus and Reynolds [1962] have shown that the maximum

weight fraction of hydrogen present within Uranus is about 0.23 and within
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Neptune about O.14. The predominance of nonhydrogen material within
Uranus and Neptune, as well as the relative lack of observational data,
precludes the pqssipility of obtaining the type of %ell-defined solution
to the compositional problem that has been developed for Jupiter and //
Saturn. Further assumptions are found to be necessary in the case of
Uranus and Neptune. ‘ ///

It is the purpose of this investigation to dévelop, on the basié of
8 definite set of assumptions, a group of models of Uranus and Neptune
which are consistent with the presently available physical data, and are
compatible with current ideas regarding the development of the solar |
ies and uncertainties are discussed and it is
_emphasized that, although the range of possible models may be restricted

. and bounds obtained upon the amounis of certain constituents, the current

data are inadequate for the establishment of & unique model.

. Primordial Composition and Subsequent Development

of Uranus aﬁd Neptune
i

The assumption is made here that Uranus and Neptune were formed from
a primitive éolar nebula, having a so-called solar composition and which
‘existed in low temperature chemical equilibrium. This assumption follows
from the hypothesis of planetary fgrmation by means of the accretion of
material from & cold primitive nebgla as developed by Spitzer, Urey,
Hoyle,'and others. 5he relative aﬁundances of the constituent elements

were taken from Aller [1961], with the exception of helium, whose abundance

was modified slightly to conform with a 10:1 hydrogen to helium ratio by




number. Table 2 lists the relative abundances of the more abundant
elements. The total mass of all the remaining elements combined amounts éz
to only 1 per cgntfpf the nonhydrogen-helium-neon portion of Aller's
solar mixture and will be neglected here.

Table 2
Chemical equilibrium of this modified Aller mixture at the low

temperatures characterizing the outer regions of the solar system will

result in the silicon and magnesium being present in the form of oxides.
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The remaining oxygen as well as the carbon, nitrogen, and sulfur will
exist in the form of hydrides. Iron and nickel are considered to remsin

in the uncombined state. The relative proportions of these elements

and compounds‘are given by Taeble 3. Teble 3
The temperature of a smail, rapidly rotating particle in equilibrium

with the Sun and in & nearly circular solar orbit may be expressed by

i/e . %

1/4 . "

T= 3;% (;f> (1 -4) ) s
2 \7 , 3 %

the relation

PR /

where ' N

T effecti;e:temperature of the Sun

Rp radius'of the Sun

- a semimajor axis of the particle orbit
A albedo of particle

If we take the present temperature and radius of the Sun as representative

values which should not have changed drastically over the period of plane-

tary formhtion, we may obtain particle temperatures at the orbital dis-

tances of Uranus and Neptune. For particles which are blackbodies

TS T T TR

—

YTy




(aliedo = 0) the temperature is 64° K at Uranus and 51° K at Neptune.

An albedo of 50 per cent will lower these values to 54° K and ﬁ3° K,
respectively. A cqmparison of these figures with the data of Table 4
shows that the abundant matefials which have a significant vapdr pressure
at room temperature are divided sharply into two groups on the basis

»

of their melting points.
: Table 4
Hydrogen, helium, and neon remaln gaseous at these temperatures
while the remaining materials listed in Table L will exist predominantly
in the solid phase. For purposes of calculation the hydrogen, helium,
and neon are grouped together, in the proportions given by Table 3, to
form a mixture l&beléd HHeNe. The nonvolatile materials are separated
into two groups. The hydrides and argon are added, in cosmic propor-
tions, to form a mixture designated here as Ice. This includes H0,
CH,, NH3, HgS,.and Ar. The same procedure is employed for the oxides
of silicon and magnesium and for iron-nickel and this mixture is called

-

Rock.

E

Calculation of Models

Two appfoximations may be made for large solid bodies which greatly
simplify the calculation of mathematical models. First, the structural
strength of .the matefial comprising such bodies 1is greatly exceeded by
the effect of the internal pressures at all depths below a negligibly smali

- distance from the sﬁfface; hence, the equation of hydrostatic equilibrium
may be used. Secondly, for solid bodies having the masses and dimensions

characteristic of the outer planets and having central temperatures of
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the order of a few thousand degrees, the effects of temperature will be
completely overridden by pressure effects, and the temperature of the
constituent materials may be considered to be effectively 0° K. The
models presented i;'this paper are computed on the basis of O° K equa-
tions of state and compared directly to the planets without allowance
for temperature correction.. There are several indications that the

internal temperatures do not exceed a few thousand degrees but, at

the possibility of temperature effects large enough to require
consideration.
If the pressure-density relation for a o° K gravitating fluid is_

known, the equation of hydrostatic equilibrium,

2
a®p 1/a ap 2 (apP
ERICICREORE

where

P pressure R
o] density ,

8 mean radius
-G gravitational constant

w angular velocity

which is given here to second order in the angular velocity, may be
integrated from the center to the %urface and the pressure and density
distributions computed as a function of the mean radius within the model.
| For a rotating planet with ajknown density distribution the
ellipticity may be calculated. For bodies having the dimensioné‘and

angular velocities of Uranus and Neptune, the first-order equation

,//
present, the evidence is not conclusive enough to rule out completely
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derived by Clairaut provides sufficient accuracy. %

2 2
d%¢ | (8mps”\de  (8mps L\ . _ g
d52 m dS m 52 ) K

where

c ellipticlty = (equatorial radius - polar radius) ¢
(equatorial radius) :

m mass contained within sphere of radius s
This system of equations was programmed for solution by digital
computer and the numerical integration carried out by means of a

variation of the Runge-Kutta technique. o '
Equations of State

Before the parameters of & model may be calculated, the equation

of state for each éonstituent must be determired. Equations of state

for 'cold' (O° K) hydrogen and helium are taken from DeMarcus [1959].

The equation of state of the HHeNe mixture may be exﬁressed (assuming

that the partial molar volumes of hydrogen, helium, and neon are
, :

additive) by the relation

W. W, W. 3
1 A, He [ Ne y

pHHeNe pH pHe pNe ‘ ?

For the proportions given in Table 3 the weight fractions are:

wH = 0.7105,'wHe = 0.2822, and Ve = 0.0073. Neon contributes less than

1 per cent to the density of the mixture and, hence, may be neglected in

the calculation of the equation of state. A Y
Since more than half of the nonvolatile portion of Aller's solar

mixture is Ho0, the equation of state of H-0 is of prime interest.
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Static pressure data are available from the work of Bridgman [1942]
and a compilation of earlier work by Dorsey [1540] to about 50 kb.

Walsh and Rice,[1957] have published shock-wave data for water to 450 kb

along a Hugoniot. Al'tshuler, Bakanova, and Trunin [1958] and Al'tshuler

and Petrunin [1961] give a few pressure-density data points as high as

800 kb from shock-wave measurements. The shock-wave data are for H-0

in the liquid phase and, for the high pressures, at temperafures of the
order of several thgusand degrees Kelvin. For the program of model
calculation outlined here these date must be corrected to correspond with
the solid phase at o° K.

Rice and Walsh [1957] have calculated isotherms at several temperatures

from their Hugoniot data to 250 kb. Pistorius, et al. [1963] have deter-
mined the melting curve of ice VII to 200 kb. This curve was extrap-
olated to 250 kb and the density of liquid water obtained, along this
fusion curve, by interpolation from the tables of Rice and Walsh. The
density difference between ligquld Hz0 and ice VII is known from Bridgman's
data to almost 40 kb. This density difference is decreasing and, on
linear extrapolation, would become vanishingly small in the vicinity of
110 kb. Thé pressure-density relation for solid HpO can thus be estimated
along the melting curve by correcting for the effect of this'phase change.
This procedure gives‘the equation of state of SOlidAHgo along the fusion
-curve to 250 kb. The increase in uncertainty involved in extrapolating
these corrections t; higher pressures is partially counterbalanced by the
fact thaf the density corrections to the Hugoniot déta become smaller at

-

the higher pressures. These corrections were applied to the experimental
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data, giving values to 800 kb. (The density differences due to thermal
expansion of the solid from 0° K to the fusion curve are small and may
be neglected.) .Th%s temperature corrected curve for-the solid was Joined-
‘smoothly to a quantum mechanical equation of state for Ho0 which should

be valid at extremely high pressures. The interpolation is indicated

in Figure 1. The high-pressure equation of state was constructed by a Fig. 1

method suggested by Knopoff [1958]. The Thomas-Fermi-Dirac éduation of
state was employed for oxygen, calculated by the procedure of Metropolis .
and Reitz [1951], and the DeMarcus [1959] metallic” equation of state was
used for hydrogen. The two elements were mixed with a 2:1 number ratio,
hydrogen to oxygen, under the assumption that the partisl molar volumes' 
_ere additive. This process of a smooth interpolation does not allow for
the possibility of phase changes in the region of interpolation:° Ramsex
[1963] has proposed a large phase change for H-O as the factor which
determines the differing mean densities of Uranus and Neptune. At the
present time, however, no evidence exists, either experimental or.__ ..
theoretical, to support this hypothesis.

With the pressure-density relation for a material known, the equation
of hydrostatic equilibrium mey be integrated for a given central pressure
and the mass and radius of the resulting model planet determined. This

computation was mede for various central pressures and a set of~nonrqtaﬁ~

ing models of Hp0. These models are represented on & mass-radius plot

(Figure 2), along with similar curves for hydrogen and helium. Models < Fig. 2

6f solidIHZO for Moon-sized objects with central pressures below 50 kb

were constructed by Huaux [1951].
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The equations of state for CH,, NHz, and HoS were calculated by

means of similar procedures. The pressure-density relations for these

. compounds are less well determined than that for HpO, however, since
shock-wave data aré nbt available in the intermediate pressure range.
Low-temperature data are available from the work of Stewart [1959, 1960]
up to 20 kb. These data were extrapolated to 100 kb by means of the
Murnaghan-Birch equation of finite strain. High-pressure equations of
state were constructed by combining the Thomas-Fermi-Dirac equations of
state for carbon, nitrogen, and sulfur with the equation of state for

o° K hydrogen by means of the same process as outlined for HsO. Smooth
interpolations were then performed between the low pressure data and 7
the high préssure equations of state. The equation of state of argon can
be estimated in a like manner. ° K equations of state for Hz0, CH,, and
NHs are givén‘iﬁ Table 5.

Only 8 per cent of the total mass of the Ice mixture is NHa while
are, consequently,'not extremely sensitive to the equations of state of
these substances. ‘Fortunately the greatest amount of éxperimental data
is available for Hz0, which is also the most abundant material.

' For methane, hqwever, & more difficult problem exists. No shock=~
wave data exist for intermediate pressure ranges and CH, forms more than
one-fourth of the Ice mixture. The interpolation procedure outlined'
here is preferred, in spite of the uncertainties involved, over more
rigorous‘appearing equations which, in addition to being based upon
extremely Insecure theoretical foundations, do not agree with the

available high and low pressure information.

Table 5
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The equation of state of Ice is then expressed by the relation

1 ngO + WCH4 + WNHQ, . WHZO WA

Plce PH,0 Por, s PH.s PA -

using the densities given by the individual equations of state and the
weight fractions quoted in Table 5.
Table 6
Bridgman's [1949] data for MgO to 30 kb was extrapolated to 100 kb
by means of the Murnaghan-Birch equation and the resulting curve was Joined
smoothly at high pressures to a theoretical curve derived by
Trubitsyn [1958].
Static data for crystalline quartz to 100 kb are available from -

Bridgman [1948], and Wackerle [1962] has published shock-wave data to.

700 kb. As was demonstrated by Knopoff and Uffen [1954], the high

pressure Thomas-Fermi-Dirac relations for SiO, and MgO are very similar
since the mean atomic weights are almost identical. Hence the SiOp
experimental data were extrapolated to join the MgO equation of state

at high pressures. The equations of state for iron and nickel were .

taken from the work of Alitshuler, Bakanova, and Trunin [1962] who
obtained shock-wave data to 9 Mb. Interpolation between these equations
and the Thoﬁas-Fermi-Diraciequations of state permits extension of the
preséure-density relation to higher pressures.
The equation of state for Rock is then given by
1 _¥8i0>  "Mg0  “Fe.Ni
PRock  Psi0>  "Mgo  Pre-Ni

where the densities are given by the individual equations of state and
the weight fractions are 0.599 for SiOs, 0.319 for MgO, and 0.082 for

Fe-Ni-

i




Equations'of state for HHeNe, Ice, and Rock are tabulated in
Table 7 along with & mixture, in solar proportions, of Ice and Rock which
is labeled Homall. - | ,
’ Table T
The approximate character of these equations of state is readily ‘
seen from the extrapolations and interpolations which must be perférmed
to obtain them. These equations do provide reasonable and consistent
estimates of the pressure-density relations and permit the éalculation
of models which approximate Uranus and Neptune.
The equationg of state for each of the mixtures tabulated in

Table 7 were used to plot mass-radius curves (Figure 3) for nonrotating

bodies. ¢
Fig..3

Model Planets

As may bé seen from Figure 3, the actual compositions of Uranus
and Neptune must lie somewhere between that of a pure HHeNe mixture
and that of a planet composed entirely of nonvolatile materials. ___

Model planetq, having the observational values of the masses and
radii of Uranﬁs and Neptune, may be constructed from the previously
defined mixtures by a straightforward, but extremely nonlinear, process
of mixing the vﬁrious materials in the proper proportions.

Since .the gravitational differentiation of light and heavy materials
mey produce different degrees of internal condensation within a planet,
models were constrﬁéted to investigate the consequences of such a

gravitational settling process. Models representing three different

stages of this process were calculated and their density distributions
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are displayed in Figures 4 and 5. The densit; is plotted as a function
of ;/R where R 1is the mean radius of the planet.
Figs. 1“,5
The first is a completely homogeneous model (Model I) having
Aller's proportions with respect to the nonvolatile materials and with
sufficient HHeNe mixture added to provide the proper msss and radius.
The second or two-shelled model (Model II) consists of a core of the
Homall mixture with an outer layer of HHeNe. The final or three-shelled
model (Model III) has an inner core of Rock, a mantle of Ice, and an
outer layer of HHeNe. The moment of inertia, the ellipticity, and the
pressure distributions were computed for sets of these models corre=-
sponding to Uranus and Neptune. Certain parameters calculated from these
models are listed in Table 8.
Table 8
Apart from the masses and radii, which are constrained to fit the
observed values, the relevant observational data are limited to the

constant J (the visual ellipticities are not reliable) which is a

measure of the departure of the external gravitational potential of the

planet from spher}cal symmetry. The constant J appears in the equation

- 2
V= —%M [l - %-J <§%> Po(cos @) ¥ . . .]

where - /
\') external grafitational potential
G gravitational constant i

.M > mass of the blanet

a equatorial radius
r distance from the center of mass of the planet
() colatitude

P> Legendre polynomisl of order 2
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The constant J may be evaluated from a study of satellite motions and

is available for Neptune, although not for Uranus. The vélues of J

for the models may be obtained from the relation o
3w
Jd =& - -
8rnGp

where p is mean density. These values are tabulated for Neptune and Uranus
in Table 8. The observed value for Neptune is given as 0.0074 * 0.0007

by Brouwer and Clemence [1961]. The uncertainty in the observational

value of J rules out the possibility of obtaining a unique solution,
even under the restrictive assumptions which have been made. ~The value
of J for Model iI,'however, is within the guoted margin of error an
is therefore consistent with the present data. The two-shelled model
for Neptune is tabulated in Table 9. Although the velue of J for
Uranus is not currently available, the two-shelled model for Uranus is
presented in Table 9 for purposes of comparison since the essential
similarity in mass and radius would suggest a similar internal density

distribution for Uranus and Neptune, at least as a first approximation.
: : Table 9

Summary

' Models of Uranus and Neptune have been constructed on the basis of
the following sets'of principal assumptions and the resulting models
| compared with the available physical data.
‘General assumétions involved in the calculation of a model for a
giant pianet are:
(a) The equation of hydrostatic equilibrium prevails throughout

the planet.
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(b) The observed physical constants (as listed in Table 1) are
correct.

(e¢) The dgns%ties of the materisls present within the planets are
accurately represented by the given equations of state.

(d) Te partial molar volumes of those materials are additive.

Additional assumptions which were required to permit the calculation
of models of Uranus and Neptune are: '

(a) These planets were formed from a primitive solar nebula, in low-
temperature chemical equilibrium, whose relative molecular
abundances are given by the modified Aller mixture of Table 3.

(v) Differentiation of the planetary material from the primitive
nebula proceeds only through loss of HHeNe.

The weight.fractions of the constituent materials were calculated
for Models I,‘II, and III of both Uranus and Neptune and the values for
certain constituents listed in Table 10.

Table 10

The difference in mean density of the twc pleanets is, on the basis
of the above assumptions, primerily dependent upon the relative amounts
of HHeNe'retained by the two bodies. A comparison of values obtained
from the tw6 shell models shows that the fraction of HHeNe retained by
Uranus is 2.7 times' the fraction retained by Neptune. The amounts of
hydrogen present, within the two-shell Neptune model, of some 15 per cent
-and, within the range of Uranus models, of 18 to 22'per cent agree quite '
well with previousvéstimates. The internal density distribution
preferred for Neptune, Model II, indicates a moderate degree of internal

condensation with the formation of a large relatively homogeneous core.
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It is concluded that mathematical models can be constructed for g

Uranus and Neptune, on the basis of the stated set of assumptions, which
are consistent with .the presently available information regarding theée
planets, The models obtained for both planets are composed primarily of

the Ice mixture with approximately one-half of their mass composed of HzO.
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TABLE l.- Physical Parameters of the Giant Planets.

Mass,

Planet (o7 gy (0% en)  (amjens) T Feriod
Jupiter 1902 69.89 1.35 ghsem
Saturn 569 . 1 57.53 .1 10821 5™
Uranus 86.63 2.37 1.55 108%9™
Neptune  102.7 2.23 2.21 158
Sources: Masses and radii of Jupiter and Saturn, R. Wildt

[1961]); Period of Uranus, C. Allen [1963]; all other

data, D, Brouwer and G. Clemence [1961].
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TABLE 2.~ Elemental Abundances According to Aller [1961]

Element - Rg;aﬁ;yzuzzggdance iﬁ?ﬁiﬁ Relat;;emszgndance’

H 1000 1.008 1008

He¥* - 100 4,003 400
0 : .891 16.00 14.3
Ne L5001 20.18 10.1
c Jé +398 12.01 4,78
N f 112 1h.01 1.57

s1 . .0316 28.09 - ,888 -
Mg .0251 2k, 30 610
S .0223 32.07 .T15
Ar - 400759 3994 »303
Fe "~ ,00372 55,35 ‘ .208
Ni .00089 58.69 : 052

*H/He number ratio of 10/1 employed to obtain He abundance, ™~
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TABLE 3.- Relative Abundances of Modified Aller Mixture.

Element or

Relative sbundance

compound by mass
H 1004 -
He LOO

Ne 10.1

Ho0 k.3
CH, 6.39

NH; 1.91

. HoS «760

Ar +303

5105 1.90
MgO 1.01
g Fe + Ni .260

TABLE 4,- Melting Points for Relatively Volatile Materials at Low Pressures;

Element or
compound

Melting point, R
(°K)

! He
H

Ne

H-5

Ho0

Liquid at 0° K
14,1
2k ,5
8L
89
196
190

273

SR

e 7 it e PO




TABLE 5.- Estimated Equations of State (0° K)

H,0 CH, . NHs

Pressure (Mb) - Density (gm/cm®) Density (gm/cm®) Denéity (gm/cm®)
0.0 04917 0.507 : 0.815
025 1.53% . 760 1.05
.05 . 1.63 .863 | 1.19
.10 1.75 1.01 - 1.36
.50 2.50 1.5k ‘ 2.06
1.0 2.87 1.88 2.50
2.0 . 333 2.32 2.99
3.0 3.68 2.66 | 3.32
.h.o 3.99 2.92 3.58
6.0 e k50 3.34 k.01
8.0 : | 4.98 3.70 k.34
10,0 | 5k 4,50 ‘ 4.70
12,0 : 5.89 4,37 5.0
15,0 : ’ 651 4.80 ' 555
20.0 : T2k 5443 : L 6.27

*Several phase changes below 0,025 Mo.
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TABLE 6 .- Weight Fractions of Ice Constituents

Constituent 1We1g§t
fraction
H-0 0.605
CH4 [ 270 7
M{B 0080 ///l
Ar 013

TABLE 7 .- Estimated Equations of State (0° K)

Pr?;ﬁ?re’ Dii:fiy, Deiz:ty, Dei:;:y,- 'D§22iti,
(gm/cm3)  (gm/em3)  (gw/em3)  (gm/cm3)
0.0 - 04105 0.750 3.03  0.828
025  .258 1.17* 3.16 1.27#‘
05 «299 1.28 3.2k 1.39
.10 345 1.hk 3.38 1.55
: * *
«50 Skl 2.12 4,60 2.28
1.0 . 691 | 2.50 5.15 | 2.68 L
1.9 , - .90 2.94 5.93 3.1k
1.9 l.eoe 2.9k 5.93 3.1k
240 1,22 2.97 6.01 3.18
3.0 1,40 3.33 6.69 3.56 -~
4,0 1,56 3.63 7.27 - 3.87
- 640 1.83 ;.11 " 8.20 4,39
8,0 T 2.06 - 5k 8.99 4.8l
10.0 2.26 L.96 9.78 = 5.29
12,0 2,48 5.36 10.5 5.T1
15.0 2,69 5.91 11.5 6.28
20.0 3.10 6.62 12.8 7.0k

*Low pressure phase transitions.




TABLE 8.~ Physical Parameters Calculated From Models

Planet Model~ gxe'zz::;e Sl.lrféc? | M?EZ?«EiZf J
(M) ellipticity (0048 gm/cms)
Neptune I 5451 0.0196 17.3 0.0099
II 7.45 .0165 14.8 .0068
III 13.38 L0155 13.9 - - .0058
> Uranus I 3.13 0584 16.4 ' .0283
I 5.90 .0k39 12.1 .0138

III 10.28 0423 11.5 .0122
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TABLE 9.- Model II for Uranus and Neptune_

Uranus Neptune
s/R Pressure (Mb) Denmsity (gm/cm®) Pressure (Mb) Density (gm/cm®)
0. 590 4,36 T.45 4,72
<05 5.87 L.35 7.40 4,70
.10 5.T6 k.32 7.28 4,67
a5 5657 b,27 7.10 4,64
.20 . 5.33 4,22 6.86 4.58
25 5.02 L.15 6.54 L.51
«30 4.65 4 .06 6.18 o hoke
35 b.23 3.9% 5.71 ko31
.40 3.78 3.81 523 4,19
b5 3.28 3.66 L.69 4,0k
50 '2.61 | 3.48 4.13 3.89
025 2.29 3.29 3.55 3.72
60 1.76 3.07 ° 2.9k . 3.5k
65 1.23 2.82 2.37 3.32
.70 .776 ’ 2.53 1.80 3.09
773 207 1.83 —— o
o773 207 1413 -—- -—
.80 . .168 2390 L7592 2,52
.85 0109 352 | <327 2.05
.883 — — .109 1.58
883 --- - .109 .351
«90 <061 310 .083 -33k4
.95 .023 255 .033 273
1.00 0 .105 0 1,105




TABLE 10,- Chemical Corpositicn of Models

Planet, Model  Wice WRoek Vigeme  WH,0 © Y
Neptune I 0.807 0.108 0.085 o.l;88 0.186
" II .8L8 J11L .038 «513 «159
III .848 1k .038 513  .159
Uranus I «730 .098 172 ol 235
II «790 106 .10k 478 «196
III .790 106 .104 478 .196

a7
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Figure Titles %
Fig. 1.- Estimated equation of state for H-0. 5
Fig. 2.- Mass vs. redius for nonrotating 0° K bodies. ;
Fig. 3.- Mass vsi radius for nonrotating 0° K bodies. ?
Fig. k.- Density distributions for models of Uranus. 1
Fig. 5.- Density distributions for models of Neptune. | !
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Fig. 1.- Estimated equation of state for H:0.
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Fig. 2.~ Mass vs. radius for nonrotating 0° X bodies.
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Fig. 3.- Mass vs. radius for nonrotating 0° K bodies.
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Fig. k.- Density distributions for models of Uranus.
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Fig. 5.- Density distributions for models of Heptune.
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